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Objective. This study evaluates the spatial resolution of cone beam computed tomography for dental use (CBCT) via
modulation transfer function (MTF) analyses.
Study Design. Two models of CBCT system, 3DX FPD8 and FineCube v.12, were used. MTF analysis was applied to each
CBCT system using a thin tungsten wire technique.
Results. The MTF curves in the radial direction on the XY-plane were concordant regardless of position, whereas the curves in
the azimuthal direction tended to decrease as the distance from the rotation center increased. In the Z-axis direction, the MTF
curve of the medial level of the field of view was superior to that of any other level.
Conclusion. The spatial resolution of CBCT systems depends on the location within the field of view. Because the spatial
resolution was the highest in the medial level and rotation center position, an object should be placed at this position during
a CBCT examination. (Oral Surg Oral Med Oral Pathol Oral Radiol 2013;116:648-655)Dental practices often employ cone beam computed
tomography for dental use (CBCT) because it aids in
diagnosing dental lesions,1 determining dentomaxillary
morphology,2 and preplanning dental implants.3 For
radiologic diagnosis, radiologists are interested in the
spatial resolution of an image, which can discriminate
between 2 adjacent high-contrast objects. Typically,
modulation transfer function (MTF) analysis is
employed to evaluate the spatial resolution of CBCT
systems. Our previous study employing MTF analysis
found that CBCT has a higher spatial resolution than
does multislice computed tomography.4 Generally,
sectional images produced by computed tomography
(CT) are based on the Radon theorem, and are recon-
structed from 360 or 180 of projection data around
the object. The projection data are usually obtained by
continuous ﬂuoroscopy CT acquisition. However, a few
reports have found that the acquired projections are
subject to motion blurring, which causes spatial reso-
lution degradation in the peripheral positions of the
ﬁeld of view (FOV).5,6 Such degradation is natural in
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648spatial resolution of CBCT using MTF analyses with an
emphasis on elucidating the location dependency of the
MTF within the FOV.
MATERIALS AND METHODS
CBCT systems
This study employed2CBCTmodels, 3DXFPD8 (Morita
Corp, Kyoto, Japan) and FineCube v.12 (Yoshida Dental
Mfg Co Ltd, Tokyo, Japan). The examination settings of
3DX were an 80-kV tube voltage, a 1-mA tube current,
and a 17-second exposure time (for a 360 rotation). The
FOV was set to an 80-mm diameter and an 80-mm
height. For image reconstruction, we used the zoom
reconstruction function, which gave 0.080 mm  0.080
mm  0.080 mm voxel size images. The FineCube
examination was performed using the Wide area mode
(in which the FOV had an 81-mm diameter and a 75-mm
height), and the exposure settings were a 90-kV tube
voltage, a 4-mA tube current, and a 16.8-second exposure
time (for a 360 rotation). Each image was reconstructed
with 0.157 mm  0.157 mm  0.146 mm voxels.
MTF measurement for spatial resolution
To evaluate the spatial resolution, MTF analysis with
a thin wire technique was employed.7,8 The wireStatement of Clinical Relevance
There is a location dependency of spatial resolution
in the ﬁeld of view of cone beam computed
tomography for dental use (CBCT). The spatial
resolution was the highest in the medial level and
rotation center position; therefore, an object should
be placed at this position in CBCT examination.
Fig. 1. Equipment used to measure the spatial resolution of cone beam computed tomography for dental use (CBCT). A, The wire
phantom, which was constructed from an acrylic ﬁber with a 100-mm diameter and a 95-mm height. Two coil springs stretched
a 0.100-mm diameter tungsten wire from the top to the bottom of the acrylic cylinder. To control the incline of the wire within 0 to 2
of the longitudinal axis, the band part at the top could slide horizontally. B, The stage with a micrometer. The stage could be attached
to the chin rest of each CBCT system to precisely adjust the measurement position. C, The SedentexCT IQ LP/mm modules, which
had arrangements of 1.0, 1.7, 2.0, 2.5, 2.8, 4.0, and 5.0 line pairs per millimeter made by alternating the thicknesses of aluminum foil
and polymeric ﬁlm. For the XY evaluation, the module of LP/mm (XY: on the left) was located to the center or the peripheral position
at the medial level of the FOV. For the Z-direction, the module of LP/mm (Z: on the right) was located at high, medial, or low level
positions in the center of the FOV. D, Dental radiographs of the modules of LP/mm (XY) and (Z) using the 60-kV x-ray and F-type
ﬁlm (Kodak Ltd, Rochester, NY, USA). ①, ②, ③, ④, ⑤, ⑥, and ⑦ indicate 0, 1.7, 2.0, 2.5, 2.8, 4.0, and 5.0 line pairs per
millimeter, respectively.
Fig. 2. Schematic of the modulation transfer function (MTF) measuring locations and linear spread function (LSF) directions for
the XY-plane measurement. A, The positions for MTF analyses. For evaluations on the XY-plane, the wire phantom was posi-
tioned at X ¼ 0 and Y ¼ 0 (perpendicular to the XY-plane). Then the stage on which the phantom was ﬁxed was moved by the
micrometer at X (which corresponds to radius, r) ¼ 7, 14, 21, 28, or 32 mm, and an MTF measurement was performed at each
position. For the Z-axis direction, the phantom was positioned at X ¼ 0 and Z¼ 0 (parallel to the Y-axis). The phantom was moved
vertically by changing the spacers between the phantom and the stage. The Z-coordinate was 30, 20, 10, 10, 20, or 30 mm,
and an MTF measurement was performed at each position. MTF analyses on the XY-plane were performed in 2 directions, radial
and azimuthal, as illustrated in B. For each position, the 2-dimensional point spread function (PSF) was integrated along the X-axis
and the Y-axis (which corresponded with the arrow directions) to achieve the LSF in the azimuthal and radial direction, respec-
tively. At each position, the MTF measurements were repeated 3 times.
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Fig. 3. Results ofmodulation transfer function (MTF) analyses and location dependency.A, TheMTF curves about 3 directions (radial,
azimuthal, and Z-axis) for the 2 cone beam computed tomography systems (3DX FPD8 and FineCube v.12). Horizontal dotted lines
indicate 50% and 10% of theMTF.B, The relationships betweenmeasurement position and spatial frequencies. The parameters r50 and
r10 are where theMTF dropped to 50% and 10%, respectively, of its value at 0 line pairs per centimeter. Their relationships are plotted.
Measurements were independently performed 3 times at each position. All data are represented with the mean and standard deviation.
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tungsten wire stretched by 2 coil springs in an acrylic
container with a 100-mm diameter and a 95-mm height
(Kyotokagaku Co Ltd, Kyoto, Japan) (Figure 1, A).
Although the incline of the wire range could be
controlled within 0 to 2 of the longitudinal axis, the
incline was ﬁxed to 2 in this study.
As in previous studies,4,7,8 the oversampling method
was used to measure the MTF. Speciﬁcally, each CBCT
system acquired contiguous 100-axial images of the
tungsten wire. The region of interest was set to the wire
with a matrix size of 64  64 pixels for 3DX and 33 
33 pixels for FineCube. Images were synchronized for
the center of mass of the wire. Then the oversampled
linear spread functions (LSFs) re-binned to one-tenths
were obtained. The MTF curves were calculated from
the obtained LSFs.
MTF analysis was performed separately for the axial
plane (XY) and Z-axis rotational direction. To measure
the XY-plane and Z-axis MTFs, the wire phantom was
located so that the wire was perpendicular and parallel
to the XY-plane, respectively. For the MTF analysis on
the XY-plane, the phantom was set at the X abscissas
(which correspond to a radius, r) of 0, 7, 14, 21, 28, and
32 mm when the rotation center was zero (Figure 2, A).
For each position on the XY-plane, the MTFs were
measured for 2 directions, radial and azimuthal (see
Figure 2, B). For the Z-axis direction analysis, the
phantom was set at 30, 20, 10, 0, 10, 20, and 30
mm in the Z-coordinate when the medial level in the
FOV was zero (see Figure 2, A). The phantom was
stably ﬁxed by a specially designed stage on the chin
rest of each CBCT apparatus. The stage allowed the
position to be precisely adjusted using a micrometer
(see Figure 1, B). The wire images were reconstructed
and exported as Digital Imaging and Communications
in Medicine (DICOM) data for MTF analyses. MTF
calculations were performed using specially made
software running on a personal computer with the
Microsoft Windows operating system. This software
could import sequential DICOM ﬁles, crop images in
the indicated matrix size, and analyze the center of mass
position of LSFs. Then it automatically synchronized
the center of mass position, produced the oversampled
LSFs, and performed a Fourier transformation against
LSFs to obtain the MTF curve.
The measurements were repeated 3 times for each
position, and the data were represented with the mean
and standard deviation. From the obtained MTF curves,
we determined the values of r50 and r10, which are
where the MTF decreased to 50% and 10% of its value
at 0 line pairs per centimeter (0 lp/cm), respectively.
These values were plotted using GraphPad Prism
(version 5.0f; GraphPad Software Inc, La Jolla, CA,
USA).Line-pair test
To conﬁrm the MTF analysis results, a line pair test was
performed using Sedentex CT IQ phantom LP/mm
modules (Leeds Test Objects Ltd, North Yorkshire,
UK) (see Figure 1, C and D). These modules had
arrangements of 1.0, 1.7, 2.0, 2.5, 2.8, 4.0, and 5.0 lp/
mm, which were made by alternating the thicknesses of
the aluminum foil and polymeric ﬁlm. To evaluate XY,
the module of LP/mm (XY) was located at the center or
the peripheral position of the medial level in the FOV.
For the Z-direction, the module of LP/mm (Z) was
located at a high, medial, or low level in the center
position of the FOV. In this examination, the tube
current was set to 5 mA in 3DX. Images with
a minimum slice thickness for each CBCT apparatus
were reconstructed (0.080 mm for 3DX and 0.146 mm
for FineCube) and exported as DICOM ﬁles. Then one
of the authors (H.W.), who has 13 years of experience
as a dental radiologist, subjectively evaluated these
images with OsiriX software (Pixmeo, Geneva,
Switzerland) using a liquid-crystal display (LCD)
monitor (RadiForce RX220; Eizo, Hakusan, Ishikawa,
Japan) in a dim room.Observation of microstructures
To evaluate the microstructure, a Jcl:SD rat (719 g
weight, male; CLEA Japan Inc, Tokyo, Japan) was
employed. This animal study was conducted with
permission of the institution (No. 0130227A). The rat
was anesthetized with pentobarbital sodium anesthesia
and then immersed in a 10% formalin buffer solution.
The head of the rat was amputated and used for the
subjective evaluation. For each CBCT system, the
sample was located either in the medial level and center
position or in the upper level and peripheral position.
The tube current was set to 5 mA in 3DX. The images
of the left upper and lower molar regions were
observed. The data were exported as DICOM ﬁles with
0.080 mm for 3DX and 0.146 mm for FineCube. The
sectional images, which were identical to each other,
were 3-dimensionally reconstructed on OsiriX and
subjectively evaluated by H.W. on the LCD monitor.
RESULTS
MTF analyses were successful for the 2 types of CBCT
apparatus. Figure 3, A, represents the MTF curves for 3
directions: radial, azimuthal, and Z-axis. In the radial
direction on the XY-plane, the MTF was fairly
concordant regardless of the measurement position in
both CBCT systems. However, in the azimuthal direc-
tion, the MTF curves tended to decrease as the position
deviated from the rotation center. Figure 3, B, illustrates
the degree of decline by plotting the parameters of r10
and r50. In the XY-plane, the values of radial directions
Fig. 4. Results of the line pair test. SedentexCT IQ LP/mm modules were scanned by 2 cone beam computed tomography systems
(3DX and FineCube). Both LP/mm modules, (XY) and (Z), had 1.0, 1.7, 2.0, 2.5, 2.8, 4.0, and 5.0 line pairs per millimeter
(lp/mm). Images were reconstructed with slice thicknesses of 0.080 mm for 3DX and 0.146 mm for FineCube, and evaluated
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Fig. 5. Images of a Jcl:SD rat. The head of a rat was prepared and examined by the 2 cone beam computed tomography for dental
use (CBCT) systems using the settings described in the materials and methods section of the text. The obtained image data were
exported as Digital Imaging and Communications in Medicine (DICOM) ﬁles, and sagittal images of 0.080 mm for 3DX and 0.146
mm for FineCube slice thickness were reconstructed and comparatively evaluated. For both CBCT systems, when the object was
located in the medial level and the central region, the contour of a molar tooth and its surrounding structures, such as the
periodontium and lamina dura, were clearly visible; but when the object was located in the upper level and the peripheral region,
the images were not as clear. There were no signiﬁcant differences between the 2 CBCT images in either the central or upper level
and the peripheral regions.
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depended on the value of r. In the Z-axis direction, the
MTF curves of both CBCT systems tended to decrease
as the position deviated from the medial level of FOV
(Z ¼ 0) (see Figure 3, A).
The parameters of r10 and r50 in 3DX were less
varied than those in FineCube (see Figure 3, B). Plot-
ting the FineCube values revealed a unique shape where
the MTF value was highest in the medial level, but
decreased at jZj ¼ 20 mm. The values at jZj ¼ 30 mm
and jZj ¼ 20 mm were almost the same.
Figure 4 shows the images of the Sedentex CT IQ
phantom LP/mm modules. Figure 4, A, shows the
images for the line pair test in the radial direction. The
module of LP/mm (XY) was located at the line pair
foils perpendicular to the radial direction. The repre-
sented images were rotated clockwise 90 for conve-
nience of observation. In these images, 2.5 lp/mm and
2.8 lp/mm could be differentiated in 3DX and Fine-
Cube, respectively, regardless of the module positions.subjectively. A, Images for the radial direction. The 3DX and F
respectively, in both the central and peripheral regions. B, Images
FineCube could resolve 2.5 lp/mm and 2.8 lp/mm, respectively, but
lp/mm and 2.0 lp/mm, respectively. C, Images for the Z-axis directio
lp/mm and 2.8 lp/mm, respectively, but in higher or lower regions,
higher or lower regions, the thicknesses of line pairs appeared to bFigure 4, B, shows the images in the azimuthal
direction. In the central region, 2.5 lp/mm and 2.8 lp/
mm could be distinguished in 3DX and FineCube,
respectively. However, the distinguishability of 1.7 lp/
mm and 2.0 lp/mm was limited in the peripheral region
in 3DX and FineCube, respectively.
Figure 4, C, shows the images about the Z-axis
direction. Although 2.0 lp/mm and 2.8 lp/mm could be
differentiated in the medial region in 3DX and Fine-
Cube, respectively, only 1.7 lp/mm was distinguishable
in the higher and lower regions for both CBCT systems.
In addition, the thickness of line pairs was not uniform
when the module of LP/mm (Z) was located in either
a higher or lower position.
To examine the microstructure visualization ability
of the CBCT systems, sagittal images of Jcl:SD rat
molar region were acquired (Figure 5). When the object
was located in the medial level and the center region,
both CBCT systems revealed the contour of the molar
teeth and their surrounding structures, such as theineCube systems could resolve 2.5 lp/mm and 2.8 lp/mm,
for the azimuthal direction. In the central region, 3DX and
in the peripheral region, 3DX and FineCube could resolve 1.7
n. In the medial region, 3DX and FineCube could resolve 2.0
they could resolve only 1.7 lp/mm. It should be noted that in
e irregular.
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the upper level and the peripheral region, the images
were unclear. The 2 CBCT systems gave identical
results when the object was located in the medial level
and the central position or in the upper level and the
peripheral position.
DISCUSSION
This study clearly found that the spatial resolution of
CBCT systems depends on the location within the
FOV. The spatial resolution has a directional depen-
dency on the XY-plane and the azimuthal direction
but is independent of the location in the radial direction.
On the XY-plane in both directions at r ¼ 0, the spatial
frequencies at r10 are approximately 2.3 lp/mm and
2.6/mm in 3DX and FineCube, respectively. However,
in the azimuthal direction at r ¼ 32 mm, the values
become smaller (1.8/mm and 1.9/mm in 3DX and
FineCube, respectively). In the Z-axis direction, the
2 CBCT systems exhibit different tendencies.
In 3DX, both the r10 and r50 values are fairly
independent of the Z value; for example, the r10 values
range from 2.9 lp/mm to 2.6 lp/mm. In contrast, both
r10 and r50 vary signiﬁcantly in FineCube with the Z
value; for example, the r10 value at the medial level
position (X ¼ 0) is 3.5 lp/mm, but it decreases to 2.3 lp/
mm to 2.4 lp/mm at the lower and higher level positions
(jZj ¼ 20 or 30 mm).
To conﬁrm the MTF analyses, we performed a line
pair test. On the XY-plane, the line pair numbers are
resolved in each region and agree with the r10 value.
However, in the Z direction, the line pair numbers in the
lower or upper region tend to be less than the r10
values.
Yang et al.7 reported that the spatial resolution of
a breast CT system was approximately 2.0/mm in the
radial direction for any point in the FOV, but the
resolution depended on the position in the azimuthal
direction. The resolution of 2.0/mm at the center posi-
tion decreased to 1.0/mm when the position deviated
76.9 mm from the center. Our study had similar results.
Namely, the MTF was constant in the radial direction,
but it declined in the azimuthal direction the further the
position deviated from the center.
Kwan et al.6 suggested that this decrease is due to the
circumferential velocity, which leads to motion blurring
projection images and degrades the spatial resolution in
the peripheral positions of FOV. However, from the
speciﬁcations of the 2 CBCT models used in this study,
the velocity at the r ¼ 32 mm position is 3.52p mm/sec
in 3DX and 1.6p mm/sec in FineCube. In addition, the
numbers of views in 3DX and FineCube are 550 and
1024, respectively. Although these factors imply that
FineCube should have a better spatial resolution than
3DX has, the data do not support that conclusion. The 2CBCT systems in this study show similar tendencies.
Hence, it is possible that other CBCT systems will
display similar properties with regard to the MTF on the
XY-plane.
According to Kwan et al.,7 the MTF in the Z-axis
direction is not inﬂuenced by its positions. The 3DX
observations indicate that the position has a negligible
effect on the MTF curve. However, the FineCube
results are inﬂuenced by the position along the Z-axis.
The line pair test provided additional information about
the MTF analyses (see Figure 4, C). The line pairs are
clearly visible in the medial position, but they become
unclear as the position deviates from the center in both
CBCT systems. In addition, fewer visible line pairs are
observed than the MTF results suggest.
Although the module of LP/mm (Z) was acquired with
aluminum disks with regular thicknesses, the disks
appear to be irregular in both the higher and lower
position images. These observations may be artifacts due
to the cone beam angle in the CBCT or an error in the
back projection ﬁlter. However, according to the speci-
ﬁcations of the CBCT systems, the physical placement of
the x-ray tube and detector relative to an object and the
cone angles of x-ray is almost the same between the 2
CBCT systems. Thus, the irregularity may occur during
the image reconstruction process. It is possible that in
CBCT systems a subjective observation is more inﬂu-
enced by the artifact than the MTF analysis suggests.
In the subjective evaluation using a rat model, both
CBCT systems provided identical microstructure visu-
alizations. When the object is located in the medial
level and the center region, the resolutions are clear, but
they become unclear when the object is in the upper
level and the peripheral region (see Figure 5). This
evaluation is consistent with the MTF and the line pair
test results.
Our data suggest that placing an object in the medial
level and center of the FOV is crucial to obtain a high-
quality image. The location dependency of the spatial
resolution is remarkable in the images reconstructed in
the azimuthal direction when an object is located in
a peripheral region. When 3DX was initially developed
in 1999, it had only one small FOV size (40-mm diameter
and 30-mm height). As technology has improved and
ﬂat-panel detectors have become economically viable,
newer CBCT machines have gradually extended the
FOV. Owing to its lower examination failures, a larger
FOV is easier to handle. In fact, the 80-mm FOV
employed in this study includes the whole dental arch in
one scan when the arch is located in the peripheral
regions. Unfortunately, a coronal image of an incisal area
or a sagittal image of a premolar or molar area to diagnose
dental lesions has a poorer image quality. To maximize
the capabilities of CBCT, the object should be located as
close to the medial level and center position as possible.
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